Conductive stationary heat transfer through rarefied nonpolar polyatomic gases, confined between parallel plates maintained at different temperatures, is investigated. It is assumed that gas molecules possess both rotational and vibrational degrees of freedom, described by the classical rigid rotator and quantum harmonic oscillator models, respectively. The flow structure is computed by the Holway kinetic model and the Direct Simulation Monte Carlo method. In both approaches the total collision frequency is computed according to the Inverse Power Law intermolecular potential. Anelastic collisions in DSMC simulations are based on the quantum version of the Borgnakke-Larsen collision model. Results are presented for N 2 , O 2 , CO 2 , CH 4 and SF 6 representing diatomic as well as linear and nonlinear polyatomic molecules with 1 up to 15 vibrational modes. The translational, rotational, vibrational and total temperatures and heat fluxes are computed in a wide range of the rarefaction parameter and for various ratios of the hot over the cold plate temperatures. Very good agreement, between the Holway and DSMC results is observed as well as with experiments. The effect of the vibrational degrees of freedom is demonstrated. In diatomic gases the vibrational heat flux varies from 5% up to 25% of the total one. Corresponding results in polyatomic gases with a higher number of vibrational modes show that even at low reference temperatures the contribution of the vibrational heat flux may be considerably higher. For example in the case of SF 6 at 300 K and 500 K the vibrational heat flux is about 67% and 76% respectively of the total heat flux. Furthermore, it is numerically proved that the computed solutions are in agreement with the Chapman-Enskog approximation in a central strip of the computational domain even at moderately large values of the rarefaction parameter, as found in previous investigations. This property has been used to compute the gas thermal conductivity predicted by the adopted models.
Introduction
Heat transfer through stationary rarefied monatomic gases confined between solid boundaries has attracted over the years considerable attention. The literature survey on this topic is very extensive and therefore only some indicative works related to the present heat transfer configuration are cited [1] [2] [3] [4] [5] [6] . Corresponding work in polyatomic gases is quite limited and the existing one ignores the effect of the vibrational degrees of freedom [7] [8] [9] [10] [11] [12] [13] [14] . It is known however, that vibrational excitation must be included when the reference temperature of the heat flow setup exceeds about 30% of the lower gas characteristic vibrational temperature which significantly varies for each gas. For instance, for N 2 and O 2 it is 3371 K and 2256 K respectively, whereas for CO 2 is 960 K and for SF 6 is 520 K.
Polyatomic gases with relatively low and moderate characteristic vibrational temperatures are very common in several industrial processes and technological applications running in a wide range of operating temperatures. A typical example of low excitation temperature gases is SF 6 , which is used in power plants (gas insulator switchgears and circuit breakers), in the electronics industry (plasma etching and chemical vapor deposition), in the magnesium production (die casting) and in other applications including gas-air tracing, leak detection, soundproof windows, etc. [15] [16] [17] . Other gases with moderate excitation temperatures may be involved in piezoelectric sensing technologies [18, 19] at high temperatures ( 800  o C) in the automotive industry and in micro-electro-mechanical systems for aeronautics and space applications (e.g. micro rocket engines) [20] , as well as in natural and environmental processes. Modeling of these processes should include the effect of the excited vibrational modes, if agreement between measurements and calculations is to be obtained.
Having all these considerations in mind, it is interesting and useful to investigate in a complete and precise manner the contribution of the vibrational degrees of freedom in a simple problem of heat transfer through polyatomic gases in a wide range of reference temperatures and gas rarefaction. It is also important to examine the effect of the various characteristic vibrational temperatures and corresponding number of vibrational degrees of freedom on the computed macroscopic quantities.
In the present work, the stationary heat transfer flow through rarefied nonpolar polyatomic gases, confined between two parallel plates, is simulated both deterministically and 3 stochastically by implementing the Holway kinetic model and the DSMC scheme respectively for gases whose molecules possess both rotational and vibrational degrees of freedom. The translational, rotational, vibrational and total temperature and heat flux distributions are presented for a wide range of the involved parameters. Comparisons between the kinetic model and the DSMC method as well as between simulations and experimental data [21] are shown and discussed. The influence of the vibrational degrees of freedom on the heat fluxes for CO 2 , CH 4 and SF 6 at low reference temperatures is investigated, while corresponding high temperature calculations with N 2 and O 2 is mainly performed for model testing and results validation.
Furthermore, thermal conductivities predicted by the considered gas models have been estimated exploiting the good agreement between the kinetic solutions and their hydrodynamic (ChapmanEnskog) approximations, which occurs, even for moderately high values of the rarefaction parameter in a central strip of the domain [22, 23, 24] .
Heat transfer configuration and basic definitions
Consider the state of a stationary nonpolar polyatomic gas confined between two infinite parallel plates fixed at ˆ2 y = H /  and maintained at constant temperatures H T and C T respectively, with H C T >T . Then, due to temperature difference a conductive heat flow through the gas from the hot to the cold plate is induced.
The adopted models include translational, rotational and vibrational energy modes of the molecules assuming that the translational and the rotational energies are continuous, while the vibrational energy is discrete. The rotation and vibration of the gas molecules are described by the rigid rotator and the quantum harmonic oscillator models respectively. The rotational mode can be described as having a constant number of degrees of freedom at all temperatures which is 2 j  for linear molecules and 3 j  for non-linear molecules.
On the contrary, the effective number of vibrational degrees of freedom varies with temperature. For the simple quantum harmonic oscillator assumed here they are defined as [25]  
 0
In Eqs. The problem in dimensionless form is prescribed by the ratio of the high over the low plate
and the reference gas rarefaction parameter
where 0  is the gas viscosity at reference temperature   and 0    correspond to the free molecular and hydrodynamic limits respectively. In addition, the dimensionless vibrational
depending upon the working gas under consideration, are specified.
Furthermore, it is convenient to introduce the following dimensionless variables and macroscopic quantities: This is achieved via the Holway kinetic model and the DSMC method described in Sections 3 and 4 respectively.
The Holway kinetic model
The Boltzmann equation is the fundamental equation describing the motion of gas molecules from the continuum-fluid to the free-molecular flow regimes. However, its collision operator makes a solution difficult to be obtained by deterministic numerical methods. The effort of solving the Boltzmann equation is significantly reduced by substituting the complicated collision term with reliable kinetic models.
The Holway kinetic model [26] has been applied with considerable success in rarefied polyatomic gas flows and heat transfer configurations [27, 10, 12, 14] providing good agreement with experimental results. The H-theorem can be proved in a straightforward manner for the Holway model following the arguments leading to analogous proof for the BGK model [12, 14] .
The Holway model in its applied form does not recover both the shear viscosity and thermal conductivity simultaneously and since here a purely heat transfer configuration is investigated the collision frequency has been set to properly recover the thermal conductivity coefficient.
The Holway model for the present heat transfer configuration can be written as 
where 
In order to reduce the computational cost the following three reduced density distributions one for the mass and two for the internal energy (rotational and vibrational) are introduced [28, 10, 29] 
For the specific problem under consideration the computational effort is further reduced by eliminating the x  and z  components of the molecular velocity by introducing the reduced
. (21) Operating accordingly with the appropriate summation and integral operators, defined by expressions (20) and (21), on Eqs. (16) and introducing the dimensionless quantities of Eq. (15) 8 along with the dimensionless reduced distributions
the following system of kinetic equations may be obtained in vector form: 
Here,
are the unknown reduced distributions, which depend on the dimensionless independent variables of space y and molecular velocity y c . Also,
is the dimensionless collision frequency and 0  is the reference gas rarefaction given by Eq. (13). The relaxing distributions in Eq. (22) are given by
, , , i tr tr rot tr rot vib  , where
In the derivation of Eq. (22) the Inverse Power Law (IPL) interaction [29] between particles has been introduced with the parameter  taking the values of 1 2 and 1 for hard sphere (HS) and Maxwell (MM) interactions respectively.
The same non-dimensionalization and projection procedures are applied to the moments (3) (4) (5) (6) (7) (8) (9) (10) (11) , to find that the macroscopic quantities are given in terms of F , L , H and K according to 
The superscript   
, where w  is specified by applying the no penetration condition at the walls as
In Eqs. (27) and (28) (24) and (28) . Integration is performed via the Gauss-Legendre quadrature to find the new estimates of all bulk quantities which are introduced in the next iteration. The iteration process is terminated when convergence criteria
with t denoting the iteration index and M the number of nodes in the physical space, is Following Refs. [22, 23, 24] , effective values of the thermal conductivity are used to estimate its Chapman-Enskog limit. The properties including the characteristic vibrational temperatures of all gases examined in the present work are given in Table 1 .
Benchmarking
The 
 
for O 2 to reproduce the recommended data in [33] . Also, the Pr number in the kinetic model simulations is independent of temperature and equal to Pr 0.764  and 0.751 for N 2 and O 2 respectively to ensure that the thermal conductivities obtained by the two methods are equal to each other.
In Tables 2 and 3 Next, a comparison with the experimental data in [21] is performed in Fig. 2 based on the Holway kinetic model in terms of the thermal conductivity. More specifically the experimental data for the thermal conductivities of N 2 , CO 2 , CH 4 and SF 6 obtained from Tables 1, 5, 7 and 9 respectively in [21] are shown in terms of the corresponding temperatures 300 3273
Simulations have been performed for all these gases (gas properties including characteristic vibrational temperatures are shown in Table 1 
Effect of vibrational degrees of freedom
The effect of V  on the heat fluxes and other macroscopic quantities is investigated. The analysis is for diatomic gases ( 2 j  ) with hard sphere (HS) molecules ( 0 5 .
  ) in order not to name a specific gas and the concluding remarks to be as general as possible.
However, before we proceed it is interesting to examine the effect of the prescribed collision is decreased as the temperature difference between the plates is decreased.
Next, in Table 6 energies are higher, as they should, near the hot wall than the corresponding ones at the cold wall.
In Fig. 4 the dimensionless vibrational temperature is plotted for the same input parameters as in Fig. 3 .  has no effect on the number density distribution and the corresponding plots are omitted. Since V  has a very small effect on the translational and rotational temperatures they are not plotted here and they may be found in [14] . In large values of 0  the vibrational temperature is thermally equilibrated with the translational and rotational temperatures
Heat fluxes for specific gases
In this subsection results are provided for the nonpolar polyatomic gases of N 2 , O 2 , CO 2 , The parameters of each gas are given in Table 1 and the Pr number is a function of temperature according to [21] .
In Fig  , it is noted that the previous remark, related to diatomic gases, i.e. that the percentage of each part of heat flux to the total heat flux remains almost constant in the whole range of gas rarefaction (see Table 6 ), is also valid for linear and nonlinear polyatomic gases.
Computations for SF 6 have been also performed with 0 300 T  K and are shown in Fig. 6 .
The resulting vibrational heat flux corresponds up to 67% of the total heat flux. The remaining 33% is split between the translational and rotational heat fluxes with the latter one being about 75% of the former one.
In monatomic gases it has been shown that when the flow is in the hydrodynamic regime with non-continuum effects (large local gradients) the effective thermal conductivity concept may be successfully applied to compute the corresponding heat fluxes [22, 23] . A similar investigation is performed here for polyatomic gases. Equation (30) i.e., inside the Knudsen layers, the ratio departs from one, which is a clear indication that that in that regions the Fourier constitutive law is not valid. Also, the hot wall Knudsen layer is thicker than the corresponding one at the cold wall since the mean free path is an increasing function of temperature at constant pressure. Corresponding results are readily obtained for the other polyatomic gases. Thus, the effective thermal conductivity approximation may be also applied in polyatomic gases with excited vibrational degrees of freedom provided that the system Knudsen number is small.
Concluding remarks
The problem of heat transfer through rarefied polyatomic gases between parallel plates maintained at different temperatures has been considered by taking into consideration the gas rotational and vibrational degrees of freedom. The solution is obtained by the Holway kinetic model and the DSMC method. The very good agreement between the two approaches as well as with experimental data clearly demonstrates the capability of the Holway model to accurately simulate polyatomic gas heat transfer in the whole range of gas rarefaction for small, moderate and large temperature differences between the plates. As pointed out however, in Section 3, the Holway model for polyatomic gases inherits the same restrictions of the BGK model, being not recommended whenever both momentum and energy transport play an important role.
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The translational, rotational, vibrational and total heat fluxes of N 2 , O 2 , CO 2 , CH 4 and SF 6 are computed to examine the effect of the mean reference temperature and of the gas rarefaction with regard to the characteristic vibrational temperatures and the corresponding number of vibrational degrees of freedom of each gas. It has been shown that for gases with low and moderate characteristic excitation temperatures (e.g. CO 2 , CH 4 and SF 6 ) the vibrational heat flux may be, even at ambient temperatures, a significant portion of the total heat flux independent of the gas rarefaction. For example in the case of SF 6 at reference temperatures of 300 K and 500 K the vibrational heat fluxes are 67% and 76% respectively of the corresponding total ones. The effective thermal conductivity approximation has been also studied finding out that it can be successfully applied in polyatomic gases to study non-equilibrium effects providing that the system Knudsen number is small.
Overall, the present work aims to provide some useful insight in the heat transfer design and optimization of technological applications operating in a temperature range where the vibrational modes of the involved gases are excited and must be taken into consideration. It is evident that in such heat transfer configurations modeling must include the effect of the vibrational degrees of freedom. 
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